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Abstract
Durum wheat is the most important C3 rainfed crop in southern Sardinia, Italy. Climate variability and socio-
economic factors  are the main  sources of uncertainty and concern for farmers in this region that has experienced 
severe drought conditions and problems of competing water demands during the last decades. Within  the 
framework of a European Union project, CLIMB (Climate Induced Changes in the Mediterranean Region), 
durum wheat production was simulated under future climate change conditions to evaluate the effects of 
increased maximum temperature and high rainfall  variability  on crop yield, and the adaptability of the crop 
response. The first stage of this work was devoted to  properly calibrating the AquaCrop model and testing its 
predictive performance, prior to applying it under future climate change scenarios. Durum wheat (CV Creso) 
yield and daily meteorological data collected and recorded in the Agris experimental fields during the period 
1995–2012 were systematically  checked and analyzed before their use for calibration of the AquaCrop model. 
After calibration the model showed a generally good performance with a significant correlation between observed 
and simulated yield for durum wheat during the considered period, including the year 1995 that  was characterized 
by  a severe drought  that led to water stress conditions. A future scenario of climate change was then used as input 
to  the AquaCrop model to  predict wheat yield response and to investigate the control  of water availability on 
rainfed crop production for the period 1951–2100. The simulated future scenarios show potential  improved 
productivity arising from the increased CO2 concentration. This encouraging result is however tempered by 
increased uncertainty and fluctuations in rainfall during the fall and early winter periods (September–December). 
The possible tradeoffs between these factors, as well as  the expected negative effects of increased maximum 
temperatures, are being further examined.
© 2013 The Authors. Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of the Scientific Committee of the conference.
Keywords: Climate variability, durum wheat, adaptation, AquaCrop model, southern Sardinia.
* Corresponding author. Tel.: +0039-070-2011226.
E-mail address: asoddu@regione.sardegna.it.
   t i r .  Open access under CC BY-NC-ND license.
el ti  /  i  r responsibility of the Scientific Com itte  of the confer nce
831 Antonino Soddu et al. /  Procedia Environmental Sciences  19 ( 2013 )  830 – 835 
1. Introduction
 Durum wheat is the main C3 rainfed crop in the Mediterranean Basin and it is also a staple of the 
Mediterranean diet, but the profitability of its cultivation has been in doubt for a few decades, given 
observed trends of increased rainfall variability and maximum temperatures and the higher frequency of 
extreme weather,  including droughts and floods. Uncertainty concerns not only the winter rainfed crops, 
such as durum wheat, but also the summer crops, given the competition for agricultural water use and the 
increased water demand during the tourist season. To deal with these challenges, farmers and water 
managers require reliable tools to help reduce water uncertainty, improve crop yield forecasts, and reduce 
potential water conflicts. The use of future projections of climate change scenarios to force soil–plant–
atmosphere models can be a useful methodology for forecasting potentially profitable crops under 
conditions of uncertainty. 
 This work presents some preliminary results from two recent projects1,2.  As part of these 
projects,  validation effort was conducted to select the most reliable climate model outputs in several 
Mediterranean catchments, including the Rio Mannu in Sardinia, where the Agris experimental fields are 
located. To investigate future trends in agricultural production, the output from one of the best-performing 
climate models, namely the ECHAM5 / MPI model, is here used as input to the AquaCrop model [2] to 
predict the durum wheat yield along a timeline ranging from 1951 to 2100. 
2. Data
The data used for calibration of the AquaCrop model were collected at the experimental farm of 
the Agricultural Research Agency (Agris, Sardinian Regional Administration) in Ussana (southern 
Sardinia, Italy) from 1995 to 2012. 
2.1. Soil properties
 The testing fields (39°24’N, 9°5’E) are characterized by alluvial conglomerate substrate in a clay 
matrix. The soils are Typic palexeralf (USDA soil taxonomy). A detail of soil properties in the 
experimental fields, which were also used for AquaCrop settings, are reported in Table 1.
1 Climate Induced Changes in the Mediterranean Region (CLIMB), funded by the European Commission 7th 
Framework Program (http://www.climb-fp7.eu).
2 Valutazione degli impatti sul comportamento idrologico dei bacini idrografici e sulle produzioni agricole 
conseguenti alle condizioni di cambiamento climatico, funded by L.R. 7/ 2007 of the Sardinia Region.
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Table 1. Physical and chemical characteristics of the soil.
Sand (%)
Silt (%)
Clay (%)
Stones (%)
Texture
pH in water
Organic carbon (%)
Total nitrogen (%)
C.E.C. (Cmol Kg-1)
F.C. (%)
W.p. (%)
TAW (%)
57.1
21.4
21.5
0
Sandy clay loam
7.6
0.85
0.1
25
23
10
13
2.2. Meteorological dataset used for AquaCrop calibration
 Two meteorological stations are active at the Ussana site since 1962, collecting several 
parameters including rainfall, temperature, air humidity, and solar radiation. Some of these parameters 
were recorded at subdaily time steps and were preprocessed to provide a daily input for AquaCrop. Figure 
1 provides a sample of these 50-year time series for rainfall and precipitation. These observed time series 
were used for AquaCrop calibration, as described in Section 3, when crop yield measurements were also 
available.
 
Fig. 1. (a) rainfall variability for 1962–2012; (b) trend of increasing maximum temperatures.
2.3. Crop data
 An eight-year time series of data from Creso, Duilio, and Simeto cultivated varieties (CV) of 
durum wheat was selected from the last 17 years of available data from Agris (the other nine years were 
excluded because the fields did not correspond to those of Table 1). For each cultivation season, fertilizer 
was added using average amounts of nitrogen-based fertilizer (60–80) (of which 30% was delivered when 
sowing and the remainder between January and February) as well as phosphorus (80–90). There was no 
need to add potassium as the soils were sufficiently rich for the crop. The Creso variety was used to 
calibrate the AquaCrop model. The data collected is reported in Table 2.
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Table 2. Crop growth stages and parameters of CV Creso used for the calibration.
Parameter description Value
Initial canopy cover (%)
Number of plants per m2
Time from sowing to emergence (d)
Maximum canopy cover (%)
Time from sowing to start senescence (d)
Time from sowing to maturity (d)
Time from sowing to flowering (d)
Time from sowing to max canopy (d)
Time from sowing to max depth (d)
Length of flowering stage (d)
Maximum effective rooting depth (m)
Reference harvest index, HIo (%)
Readily evaporable water, REW (mm)
Restrictive layer at (m)
5.15
340
10
96
155
194
145
110
90
10
1.5
43
5
1.5
2.4. Climate dataset
 In order to predict the future yields under climate change scenarios, AquaCrop needs as input the 
meteorological/climatological forcing for the next years, which was provided in this study using the 
future scenarios collected from the ENSEMBLES (see for example: http://ensembles-eu.metoffice.com/) 
European project. The regional climate models (RCM) from the ENSEMBLES project are particularly 
interesting because the resolution of the models, at mid-latitudes,  is about 22x22 km and the temporal 
coverage from 1951 to 2100 is at daily scale.
 During an intercomparison and validation activity, which was part of the CLIMB project, the 
four best performing RCMs over several Mediterranean catchments,  including Sardinia, were selected. 
For the AquaCrop application, we chose to use atmospheric climate data coming from one of these 
models, which is here referred to with the short acronym ECH-REM (combination of the German REM 
model as RCM which was nested to the General Circulation Climate Model ECHAM5 / MPI model of 
the Max Planck Institute for Meteorology, Germany).
 Forcing for the global climate scenarios are released by the International Panel for Climate 
Change (IPCC) and are grouped as families containing individual scenarios with common themes. In 
particular the A1 scenarios are devised to describe a more economically integrated world characterized 
by: (i) rapid economic growth; (ii) a global population that reaches 9 billion in 2050 and then gradually 
declines; (iii) the quick spread of new and efficient technologies; (iv) a convergent world income and way 
of life between regions; (v) extensive social and cultural interactions worldwide. Moreover the A1B 
scenario, used in this study, is based on the hypothesis of a balanced use of all energy sources. 
 The resolution of the RCM (22 km) is in general not sufficiently high to properly drive 
hydrological models or, as in our case, models which are strongly driven by hydrological variables. For 
this reason, and again within the framework of the CLIMB project, temperature and precipitation data 
have been downscaled using statistical techniques to the resolution of about 1 km. Moreover, since it is 
well known and documented in the literature that climatic model scenarios are affected by non negligible 
systematic errors, we have applied to the direct model outputs a procedure of bias removal.  This 
procedure consist in mapping the cumulative distribution function (cdf) of the climate model data onto 
the cdf of the measured data relative to the past and using this same mapping function for the future 
scenario data. The outputs of this procedure will be referred to as bias-corrected. 
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3. AquaCrop calibration
Several cropping system models have been tested by Agris and used to simulate durum wheat 
production and phenology [1]. For this work the AquaCrop model [2] was selected because it is 
particularly suited to the hydrometeorological forcing scenarios under consideration and to durum wheat 
production. It is a robust and reliable model that can handle extreme conditions.  
AquaCrop’s ET0 calculator module was used to estimate evapotranspiration using daily 
meteorological records from 1995 to 2012 containing data on minimum and maximum temperature, 
humidity, solar radiation, and rainfall. Different sowing dates were considered for the 8 years, no fertility 
limits were imposed, and salinity variables were not considered. Observations made on the fields together 
with the meteorological data suggested a value of 20 mm as the minimum antecedent rainfall before 
sowing. This was used together with the calibration results as onset conditions for forecasts and future 
scenarios.
The actual grain yield production and the results of the simulations are reported in Table 3 and 
Figure 2. Model performance is considered adequate, also during stress conditions,  such as the 1995 
drought for which the model properly handled stomata closure, resulting in incomplete refilling of the 
wheat kernel. 
 Table 3. Calibration (yield observed vs predicted in tons / ha).
Fig. 2. Scatterplot of observed vs predicted yields. The point in the 
bottom-left position corresponds to the 1995 drought. 
4. Simulations of future yields under climate change scenarios
For the climate change analyses AquaCrop was forced using as input two sets of downscaled 
climate scenarios from ECH-REM, with and without bias-correction. The simulations were made setting 
a “fixed date” (27 November) for sowing or the “onset” condition of reaching a cumulative 20 mm of 
rainfall described previously. Four simulations for the period 1951–2100 were run. Figure  shows results 
in terms of forecast yields of durum wheat. In Figure a we can observe that the best yield productivity is 
always obtained using the “onset” setting, which accounts for a simplified meteorological constraint for 
sowing conditions,  in contrast to the “fixed date” option. In the same Figure we can observe a slight 
difference between the two sets of climatic forcing (bias-corrected and not),  which are anyway negligible 
with respect to the sowing constraint.  Figure b shows the time series of annual yield (circles) obtained 
by the four simulations (different colors) and the corresponding 30-year moving average (lines). From 
this figure we can observe not only an indication of the best model setting which is coherent with the 
findings from Figure b, but also a clear increasing trend in yield which can be related to the increasing 
CO2 emissions [3].
Year Observed Predicted
1995
1996
1998
1999
2004
2005
2007
2012
0.87
4.43
3.58
3.26
4.12
5.75
4.80
3.07
0.20
4.46
3.41
4.01
4.85
4.21
5.08
4.05
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Fig. . (a) Cumulative distribution function (cdf) of annual yields of durum wheat from AquaCrop simulations with “fixed date” and 
“onset” constraints for sowing and two ECH-REM based climatic forcings (bias-corrected  and not), (b) Time series of annual yields 
of durum wheat (points) and 30-year moving average (lines).
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